ABSTRACT: Engineering three-dimensional (3D) scaffolds with in vivo like architecture and function has shown great potential for tissue regeneration. Here we developed a facile microfluidic-based strategy for the continuous fabrication of cell-laden microfibers with hierarchically organized architecture. We show that photolithographically fabricated microfluidic devices offer a simple and reliable way to create anatomically inspired complex structures. Furthermore, the use of photo-cross-linkable methacrylated alginate allows modulation of both the mechanical properties and biological activity of the hydrogels for targeted applications. Via this approach, multilayered hollow microfibers were continuously fabricated, which can be easily assembled in situ, using 3D printing, into a larger, tissue-like construct. Importantly, this biomimetic approach promoted the development of phenotypical functions of the target tissue. As a model to engineer a complex tissue construct, osteon-like fiber was biomimetically engineered, and enhanced vasculogenic and osteogenic expression were observed in the encapsulated human umbilical cord vein endothelial cells and osteoblast-like MG63 cells respectively within the osteon fibers. The capability of this approach to create functional building blocks will be advantageous for bottom-up regeneration of complex, large tissue defects and, more broadly, will benefit a variety of applications in tissue engineering and biomedical research.
INTRODUCTION
In the past decade, the fabrication of three-dimensional (3D) scaffolds with in vivo like architecture and function has shown great potential for tissue regeneration. 1−4 However, in the body, tissues comprise multiple cell types that are hierarchically organized within a complex extracellular matrix (ECM). 5, 6 Therefore, the regeneration of functional tissues not only depends on the capability of controlling biocompatible ECM complexities at the nano/microscale but also requires the ability of the components to assemble into larger length scales.
To date, photolithographic-based methods have been well established for controlling cell shape, cell−cell interaction, and spatial organization at the microscale level on two-dimensional (2D) surfaces 7−9 or in 3D matrixes. 10−12 Although these approaches offer great flexibility to generate individual microstructures of desirable architecture and properties, assembling the microunits into a larger construct is difficult and unreliable, thus imposing a significant challenge for its wide implementation in tissue regeneration. 12−14 An alternative approach exploits microfluidic technology to create 3D microstructures that have the distinct advantage of versatility and high throughput. 15, 16 A vast range of acellular biomaterials, such as multifunctional microparticles 17 and microfibers, 18−21 have been fabricated using microfluidic devices. Recent rapid development in microfluidic spinning of cell-laden microfibers demonstrates how fiber-shaped building blocks are advantageous in forming hierarchical structures such as blood vessels and vascular networks for large engineered constructs. 22 A number of microfibers of different shapes, e.g., solid, tubular, and square of diverse dimensions, have been created. 21,23−26 The assembly of microscale microfibers into mesoscale structures has been achieved via traditional textile techniques, such as winding, bonding, and weaving. 27 However, the development of cell-laden fibers is still at an early stage and is significantly limited by the challenges of handling living cells that require low shear stress and benign conditions and the shortage of suitable biomaterials for fast microfluidic processing. To date, the majority of work employs capillary-based microfluidic devices to generate coaxial flows and on-chip gelation for creating microfibers. 21, 28, 29 However, the fabrication of capillary-based devices is labor-intensive and highly skilled. 21 In contrast, photolithographic technology can fabricate poly(dimethylsiloxane) (PDMS) chips of complex structure precisely and reliably through a molding process. Surprisingly, there are few examples of this photolithographic PDMS chip to create cell-laden microfibers 23, 30 and there has been little work done on complex cell-laden microfibers with more than three layers.
Another challenge for developing functional microfibers lies in the lack of suitable materials with sufficient biological activities. So far, microfibers have been mainly fabricated out of the alginate hydrogel because of its rapid gelation process in the presence of divalent cations. 28,31−33 However, alginate lacks cell adhesion sites and does not promote cell spreading. In addition, alginate can disintegrate in a common culture medium at a low Ca 2+ concentration. 34 As a consequence, most previous work has only reported the viability of cells encapsulated within alginate-based microfibers, rarely involving the considerable spreading and function enchantment of cells. 20, 21, 23, 35 In contrast, hydrogels from natural ECM such as gelatin and collagen can provide cells with a more biomimetic microenvironment. However, their gelation takes hours, which is too slow to match the rapidity of the microfluidic spinning process, which is a matter of seconds. Recently, Onoe et al. 27 developed a double-coaxial flow capillary device to construct cellcontaining ECM protein/calcium alginate core−shell microfibers. The outer calcium alginate shell provided temporary mechanical support for the microfibers, whereas the subsequently formed cell-containing ECM microfibers induced a certain level of physiological function of the encapsulated cells. Although this approach is viable for creating simple doublelayered microfibers, the fabrication of more complex structures would require many stages of assembly of glass capillaries, which is not technically practical. The formation of physiologically functional microfibers with an organized microscale structure akin to living tissues is yet to be realized.
In this work, we demonstrate a facile microfluidic-based strategy for continuous fabrication of cell-laden microfibers with a hierarchically organized architecture. Photolithographic technology was employed to fabricate the microfluidic devices, allowing multistage networks to be constructed in a single step. This approach offers great flexibility to create anatomically inspired complex structures. The formation of replica methods using PDMS provides a route to disposable devices. Furthermore, UV-cross-linkable methacrylated alginate was employed 36, 37 to enhance the mechanical properties of the gel and promote cell adhesion via the grafting of RGD (ArgGly-Asp) peptides by means of a Michael addition reaction. With this microfluidic approach, hollow and solid microfibers of well-controlled multilayer structures were continuously fabricated and automatically assembled into a larger, tissue-like construct. As a demonstration of this approach, we fabricated 
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Research Article osteon-like microfibers (denoted as the osteon fiber) that contain spatially organized human umbilical cord vein endothelial cells (HUVECs) and MG63 cells, as shown in Figure 1 . The cell morphology, viability, and genetic expression were evaluated for 3 weeks in a culture. In comparison to single-cell-type fibers, increased expression levels of osteogenic and vasculogenic genes were observed in the osteon fibers, demonstrating the efficacy of this biomimetic approach to induce phenotypic functions of cells. These functional building blocks will be advantageous for the bottom-up regeneration of complex, large tissue defects.
RESULTS AND DISCUSSION
2.1. Characterization of the Functionalized Alginate Hydrogel. The gelation of methacrylated alginate can occur via ionic cross-linking of the alginate backbone or UV-initiated polymerization due to the methacrylate groups. Both crosslinking methods were employed here, where ionic cross-linking allows instant solidification of extruded liquid phases and photopolymerization maintains the structure of solidified fibers without the need for divalent cations in the culture medium. To evaluate the effect of cross-linking on the mechanical properties, compressive moduli of a series of bulk hydrogels prepared at various conditions (Table 1) were characterized. As shown in Figure 2A , there is no significant difference between the methacrylated alginate hydrogel cross-linked via Ca 2+ ions only (denoted as ALG-no-UV, 20.07 ± 3.34 kPa) and that cross-linked initially via Ca 2+ ions and then by UV photo-crosslinking (denoted as ALG, 22.66 ± 2.42 kPa). The ALG microfibers maintained their fibrous shape throughout the whole period of culture, which is beneficial to further assembly operations. In contrast, with the dissolution of Ca 2+ ions, an ALG-no-UV hydrogel microfiber was broken easily after 6 h in a culture medium, if a slight stirring or other operation was applied ( Figure 2B ). The introduction of RGD into the methacrylated alginate resulted in a lower mechanical strength of the RGD−ALG hydrogel (17.34 ± 1.61 kPa; Figure 2A ; *, p < 0.05), mainly because the grafting of RGD reduced the number of methacrylate groups available for cross-linking. Similar to the ALG microfibers, the RGD−ALG microfibers maintained their shape in the culture medium ( Figure 2B ). These results prove that the combination of ionic and photoinitiated cross-linking is effective for the production of microfibers with structural stability over long periods of culture.
RGD peptides are well-known integrin binding sites that can promote cell adhesion. 38 As shown in Figure 2C ,D, MG63 cells encapsulated in the RGD−ALG hydrogel showed better proliferation and spreading than those in the ALG hydrogel. After 5 days in a culture, a considerable number of MG63 cells spread extensively inside the RGD−ALG hydrogel, forming a spindlelike morphology and direct cell−cell contacts (Supporting Information, Figure S1 ). In contrast, almost all MG63 cells in the ALG hydrogel were rounded ( Figure 2C ). This indicates that the incorporation of RGD into the alginate hydrogel significantly enhanced cell adhesion and the biological activities of the inert alginate materials.
2.2. Continuous Fabrication and Multiscale Assembly of Microfibers. Hollow multilayered hydrogel microfibers were fabricated via microfluidic extrusion in conjunction with the combined ionic and UV cross-linking. As illustrated in Figure 1 , different solutions were introduced to the microfluidic chip through the respective inlets, where a hyaluronic acid (HA) solution of considerable viscosity ( 
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Research Article introduced to the innermost channel to form the hollow lumen because the non-cross-linked HA solution would be dissolved in the bath during the culture time, different alginate solutions (ALG) were introduced to the side channels to form individual layers, and deionized water (DIW) was introduced to the outermost side channel to reduce the friction between the alginate solution and chip wall. All solutions were delivered continuously to the chip via syringe pumps at a range of rates (<30 μL min ; Figure 3A −C and Supporting Information, Video S1). In the bath solution, typical fibers had a smooth surface and a uniform diameter of ∼450 μm ( Figure 3C ). This diameter of the hydrogel microfibers is expected because all presolidification samples flow into the CaCl 2 solution through a uniform output tube; this is due to the quick curing process of alginate fluids.
The high strength of the microfibers supports the assembly into higher-ordered, larger constructs by various means. To demonstrate this, we manually wrapped a single fiber into tightly aligned bundles using a cylindrical stick as the collector, which was placed in a direction orthogonal to the microfiber, and a circle pattern with tweezers ( Figure 3D ,E) or tied several fibers into different shapes, such as a knot ( Figure 3F ), a braided pleat ( Figure 3G ), and a warp ( Figure 3H ), with tweezers. Finally, we integrated the chip with a 3D printer to demonstrate the automated assembly of fibers into customized shapes. As shown in Supporting Information, Video 2, continuously extruded microfibers were solidified in situ and simultaneously assembled layer-by-layer via the computercontrolled movement of the 3D printer head. A highly ordered, 3 cm × 3 cm construct was produced ( Figure 3I ). These examples clearly illustrated the capability of this approach for the assembly of hierarchically microstructured building blocks, an approach that has great potential to generate large, complex tissues such as a blood network for vascularization.
2.3. Controlling the Structure of Hollow DoubleLayered Microfibers. The diffusion-driven transport of oxygen and nutrients in an engineered tissue is limited beyond 200−250 μm from the surface. 39 Therefore, a fiber containing a lumen that can aid mass transport will be a major advantage for cell growth and proliferation. A typical hollow microfiber is shown in Figure 4A , where the central hollow region is clearly seen in parts I−III. The lumen can easily be used as a conduit, as illustrated by a continuous flow of fluorescence beads within it (Supporting Information, Video S3). Both the internal and external diameters are uniform along the fiber, indicating the stable structure of a multiphased microfiber prior to solidification ( Figure 4A, III) . Without the use of a HA solution, 
Research Article solid fibers were also obtained ( Figure 4A , IV, and Supporting Information, Figure S2 ). To optimize the thickness of the individual layers in the microfibers, flow rates for each solution were evaluated because the distribution of each solution in the cross section of the microchannel can be determined by their input flow rates. To aid visualization, red and green fluorescence beads were added to the HA and ALG1 solutions, respectively, whereas no beads were added to the ALG2 solution. The merged optical images of a microfiber showed the inner hollow structure (red), the middle green layer, and the outer transparent solid layer ( Figure 4B ). When the flow rate for one solution is changed, the dimensions of the hollow structure and each layer are varied ( Figure 4B , I−III), thus offering a simple means to control the dimensions of the hierarchical components of the structured fibers.
Various combinations of flow rates were tested, and the thickness of each layer at each condition was evaluated from the combined fluorescence and bright-field images. As schematically shown in Figure 5A , the thickness of the inner layer (i.e., ALG1 layer, IT) is calculated based on eq 1 and that of the outer layer (i.e., ALG2, OT) is based on eq 2.
where IT and OT are the thicknesses of the inner and outer layers, respectively. L1 is the width across the red fluorescence region, L2 is the length across the ends of the symmetric green fluorescence regions, and L3 is the length across the two ends of the bright-field regions. At the fixed flow speed of 2 μL min −1 for DIW, the flow speeds for the HA, ALG1, and ALG2 solutions were varied systematically ( Figure 5B−D) . Increasing the HA flow rates decreased both IT and OT, for example, from 48.44 ± 4.83 and 38.69 ± 2.10 μm at 2 μL min −1 to 23.67 ± 1.93 and 25.78 ± 0.92 μm at 25 μL min −1 , respectively ( Figure 5B) . Similarly, an increase in the ALG1 flow rates led to an increase in IT but a decrease in OT ( Figure 5C ), and an increase in the ALG2 flow rates led to a decrease in IT but an increase in OT ( Figure 5D ). The fact that both IT and OT can be readily tuned with individual flow rates facilitates optimization of the dimension of each layer for targeted applications. 40 Anatomically, the basic unit of bone is the osteon, which consists of a core of tubular vasculature that is surrounded by several concentric lamellae of osteocytes ( Figure 6A ).
41−43 Such a structure was created by the spatial organization of osteocytes, which are precursors for bone formation, and HUVECs, which are precursors for vasculature formation, in the form of hollow double-layered microfibers. Both cell types interact with each other and promote the formation of vascularized bone tissues in a coculture. 44, 45 Here, by the inclusion of HUVECs and MG63 cells in ALG1 and ALG2 solutions, respectively, a hollow "osteon"-like microfiber was produced. HUVECs (labeled with red, CM-DIL) were uniformly distributed within the inner layer and MG63 cells (labeled with green, CMFDA) in the outer layer ( Figure 6B ). 
Research Article 2.5. Functional Characterization of the Osteon-Like Microfibers. 2.5.1. Cell Spreading and Viability. Cell adhesion and spreading determine the proliferation, differentiation, and many other cell functions for anchoragedependent cells, such as osteocytes and HUVECs. The elongated cell morphology in 3D microenvironments relies on interactions between the cells and surrounding materials. However, pristine alginate lacks cell-adhesive sites. To overcome this limitation, RGD peptides were grafted onto ALG during fiber formation, giving rise to cell-laden RGD−ALG microfibers. To evaluate the effect of this grafting process, the cell morphology and proliferation within the microfibers were monitored for 10 days of culture. As illustrated in Figure 6C , the majority of the cells in the RGD−ALG microfibers were viable although rounded on day 1, indicating that the fabrication process did not have detrimental effects on the cell viability. After 3 days in a culture, the majority of the cells were still viable and began to elongate, spread, and form direct cell−cell contact networks. After 5 days in a culture, a fully developed cell cytoskeleton with well-organized F-actin stress fibers was clearly observed ( Figure 6C ). In addition, there was an obvious increase in the number of spreading cells, and some cells began to form interconnected networks with neighboring cells (Supporting Information, Figure S3 ). These phenomena suggest that the introduction of cell-adhesive RGD peptides enhances cell attachment and proliferation. Meanwhile, the middle lumen structure ( Figure 6D ) retains its integrity during the period of culture (Supporting Information, Figure S4 ) and can be used for delivering nutrients or additional stimuli such as shear stress. It should be noted that, by a simple modification of the geometry of the microfluidic chips, more complex structures such as greater than three layers of different types of cells in a single fiber can be achieved. This will offer a powerful platform for applications that require well-defined spatial distribution and cocultures of different cell types.
Reverse-Transcription Polymerase Chain Reaction (RT-PCR) and Immunofluorescence Staining. Expression of osteogenic genes by MG63 cells and vasculogenic genes by
HUVECs in osteon-like fibers (denoted as MH) was assessed by quantitative RT-PCR. The sequences of primers for different genes are given in Table 3 . ALP, BMP-2, COL-1, Cbfa1, and OCN were chosen as osteogenic makers ( Figure 7A ), whereas CD34, CD31, VECAD, TIE-2, and VWF ( Figure 7B ) were chosen as vasculogenic makers. Fibers with only MG63 cells in the RGD−ALG2 layer (M) and fibers with only HUVECs in the RGD−ALG1 layer (H) were taken as controls.
For ALP expression, the highest expression in both MH and M occurred at week 2, and then the expression decreased to a lower level at week 3. This may indicate the preparation of the matrix for mineralization because the expression of ALP increases before mineralization and decreases after the start of mineralization. 46 The BMP-2 expression showed a trend similar to that of ALP. Again, BMP-2 is typically upregulated at an early stage and then downregulated as mineralization progresses. 46 A significantly higher COL-1 expression was observed in MH at both weeks 2 and 3 (*, p < 0.05), indicating the active production of a native bone matrix of cells in MH. Although there was no significant difference in the levels of OCN and Cbfa1 expression between two samples at weeks 1 and 2, significantly higher expression of both markers was observed in MH after 3 weeks in a culture. Cbfa1 is a specific transcriptional factor for regulating osteogenic gene expression and promoting bone formation. 47 OCN regulates maturation into osteoblast lineage and is often used as a marker for latestage osteogenesis. 48 The significantly increased levels of OCN, Cbfa-1, and COL-1 expression in MH fibers after 3 weeks consistently indicate that the biomimetic coculture of HUVECs and MG63 cells in the osteon-like fibers enhanced the osteogenic activity of the MG63 cells.
CD34, CD31, VECAD, TIE-2, and VWF are makers of vasculogenic differentiation. As a marker for early vasculogenic, CD34 expression induced expression of VECAD, CD31, and TIE2 in a later stage 49−51 and was seen to decrease gradually with the maturation of cells. 52 CD34 expression in MH was significantly higher than that in H at week 2 (*, p < 0.05), and expression for both fibers decreased at week 3, which may indicate cell maturation. The expression levels of CD31, VECAD, TIE-2, and VWF in both MH and H increased with the time in a culture. However, the expressions of all of these markers except CD31 were significantly higher than that of control H after week 2 (i.e., weeks 2 and 3). Significantly higher CD31 expression was observed in MH only after 3 weeks in a culture. All of the variations in the expression levels agree well with each other and clearly demonstrate significantly upregulated vasculogenic expression of HUVECs in MH. In summary, substantially higher expression of phenotypical genes in MH microfibers occurred, demonstrating that a biomimetic coculture of different cells promotes expression of the osteogenic and vasculogenic genes.
Immunofluorescence staining of osetogenic (OCN and COL-1) and vasculogenic (VWF and VECAD) markers was further employed to characterize the phenotypic functions of cells in the fibers. Substantial production of the four markers was observed after 5 days in MH ( Figure 8A,B) . In contrast, negative staining was found in both controls (M and H). Furthermore, the intense VECAD immunofluorescence signal ALP  TTGACCTCCTCGGAAGACACTC  CGCCTGGTAGTTGTTGTGAGC  BMP-2  TTACTGCCACGGAGAATGCC  CCCACAACCCTCCACAACCA  OCN  GAGGG CAGCGAGGTAGTGAA  CCTCCTGAAAGCCGATGTGGT  Cfba-1  CTCTACTATGGCACTTCGTCAG  GCTTCCATCAGCGTCAACAC  CoL-1  CACACGTCTCGGTCATGGTA  AAGAGGAAGGCCAAGTCGAG  TIE2  TGCCCAGATATTGGTGTCCT  CTCATAAAGCGTGGTATTCACGTA  VECAD  CTCTGCATCCTCACCATCAC  GAGTTGAGCACCGACACATC  CD31  ACTGCACAGCCTTCAACAGA  TTTCTTCCATGGGGCAAG  CD34  TCCAGAAACGGCCATTCAG  CCCCACCTAGCCGAGTCA  VWF  GTCGAGCTGCACAGTGACAT  CCACGTAAGGAACAGAGACCA  GAPDH GCCAAGGCTGTGGGCAAGGT AGGTGGAGGAGTGGGTGTCG
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CONCLUSIONS
A facile method has been developed for the continuous fabrication of a variety of functional cell-laden microfibers that can be easily assembled into large tissue constructs. The method employs easy-to-fabricate microfluidic chips to control cells precisely at the microscale. This enables the creation of multilayered fibers of different shapes (i.e., solid or hollow), internal structures, dimensions, and compositions (i.e., cells or other biomolecules) from a single platform. The combination of both ionic and UV cross-linking for methacrylated alginate allows a continuous fabrication process and the creation of bioactive ECM with tunable physiochemical and biological properties. The grafting of RGD peptides into the microfiber facilitated cell spreading and proliferation. Importantly, the innovative integration of microfluidics and functional biomaterials significantly enhanced our capability of creating large functional tissues of complex structure. Meterlong, hollow, osteon-like microfibers with precisely controlled organization of HUVECs and MG63 cells were produced that successfully demonstrate enhanced vasculogenic and osteogenic 
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Research Article expression. Because of the simplicity and reliability of chip fabrication, it is expected that more complex structures such as those with greater than four multilayers, which are difficult to produce with the current methods, can be readily created via this approach. Combining this continuous fabrication with 3D printing provides great potential for regenerating large tissues of complex anatomical structures.
EXPERIMENTAL SECTION
4.1. Materials. Sodium alginate was purchased from Wako (Osaka, Japan). Sodium hyaluronate (HA; MW = 300000 Da) was purchased from Bloomage Freda Biopharm Co., Ltd. (China). Cell-adhesive peptide (GCGYGRGDSPG; MW = 1025.1 Da) with >95% purity was obtained from China Peptides Co., Ltd. Fluorescent microparticles were purchased from Invitrogen (USA). Methacrylic anhydride, photoinitiator {2-hydroxy-1-[4-(hydroxyethoxy)phenyl]-2 methyl-1-propanone (Irgacure 2959)}, phalloidin, 4′,6-diamidino-2-phenylindole (DAPI), fluorescein diacetate (FDA), and propidium iodide (PI) were purchased from Sigma-Aldrich (USA). All other chemicals were from Chengdu Kelong Chem Co. Syringe pumps were purchased from Lange Baoding Co. Ltd. (Hebei, China). The UV-light source (OmnicureS1500) was purchased from EXFO Photonic Solutions Inc. (Ontario, Canada). A simple 3D printer was purchased from Beijing Oubang Chem Co.
Fabrication of a Microfluidic Device Based on PDMS.
The microfluidic chips were made by casting a PDMS elastomer against a silicon master as described previously. 53 The silicon master for the devices was manufactured using standard lithography techniques with a Microchem SU8-2005 resist. The width of all of the side channels was 100 μm, and the width of the middle, main channel was 300 μm. The depth for all channels was 135 μm. After treatment of the mold with trichloro(1H,1H,2H,2H-perfluorooctyl)-silane in a desiccator under vacuum, Sylgard 184 PDMS mixed in a ratio of 10:1 elastomer/curing agent was poured onto it and then cured in an oven. The cured device was peeled from the mold, connection holes were punched, and then the device was bonded to a glass microscope slide following treatment in oxygen plasma.
4.3. Methacrylated Alginate (ALG) Synthesis. ALG was synthesized as described before. 43 Briefly, alginate powder (1 g) was dissolved in a 100 mL PBS solution at 4°C. The acrylation reaction took place under stirring for 48 h after the addition of 15 mL of methacrylic anhydride. The pH of the mixture was adjusted to 8 periodically using 0.5 M NaOH. The modified alginate was purified via dialysis in DIW for 7 days at 4°C, and the final product was recovered by lyophilization. The methacrylation percentage of ALG used in these experiments was roughly 45%. (Table 1) . Then the solutions were vibrated for 1 h to obtain a homogeneous mixture. The mixed solution was transferred into a cylindrical PDMS mold (diameter = 8 mm; height = 2.0 mm) with a pipet and then exposed to 8.0 mW cm −2 UV light (360−480 nm) for 20 s.
4.5. Mechanical Test. The compressive moduli of the several hydrogels were characterized at an amplitude of 20 mm with 5 mN prestress using a dynamic mechanical analyzer (TA Q-800). Five parallel samples per group were tested, and all of the data were averaged.
4.6. Generation of Hollow Double-Layered Microfibers. To generate hollow double-layered microfibers, we prepared a 1.5% (w/v) solution of ALG in DIW with 0.5% I2959. A 2% HA solution was used for the lumen solution. ALG1, ALG2, HA, and DIW solutions were fed into four syringes. Each syringe was attached to an injection pump through a Teflon microtube with 300 μm inner diameter and 500 μm external diameter. Injection rates varied between 0 and 50 μL min −1 . The resulting microfibers were harvested in CaCl 2 (300 mM), then transferred to a dish, and subjected to 10 s of UV irradiation at 8 mW cm −2 . Uncured HA solution easily flowed out of the lumen in a short time. The viscosities of different solutions used in the experiment are shown in Table 2 .
4.7. Morphology Characterization of Hollow DoubleLayered Microfibers. An optical microscope (Leica 4000) was employed to study the surface morphology and size of the hydrogel fibers. Fluorescence beads were added at a volume ratio of 0.2% to the solutions to aid visualization. Scanning electron microscopy (SEM) images of the microfibers were obtained using a field-emission scanning electron microscope (S-4800, Hitachi, Japan) at an acceleration voltage of 3.0 kV.
4.8. Assembly of the Microfibers into Larger Constructs. We wrapped a single fiber onto a needle using tweezers for the tightly aligned bundles and a circle pattern. Multiple fibers were also manually assembled into various shapes. The automated and continuous assembly of microfibers was achieved by fixing the Teflon tubing onto the moving head of a 3D printer and immersing the tubing in the CaCl 2 bath so that the extruded liquid phase could solidify immediately in situ. The speed of the moving head was 16 mm s −1 . The layer-by-layer assembly of microfibers was carried out to form a large construct.
4.9. Optimization of the Structure of Hollow DoubleLayered Microfibers. Red (excitation at 535 nm and emission at 575 nm) and green (excitation at 495 nm and emission at 505 nm) fluorescence beads (0.2%, v/v) were added in HA and ALG1 solutions separately. The hydrogel fibers were prepared as described above. To image the fibers, the two ends of a fiber were lifted out of the CaCl 2 solution so that the internal HA solution mixed with red fluorescence beads could not flow. The fiber was then imaged using a confocal laser scanning microscope (Leica SP5, Leica Microsystems, Wetzlar, 
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Research Article Germany). The fibers were immersed in a 0.9% NaCl solution to maintain the cylindrical shape. The thickness of the individual layers in the fibers was evaluated using ImageJ from the confocal images. An average of five measurements was used as the size of a fiber. Five parallel samples per group were tested, and all of the data were averaged.
4.10. Cell Culture and Cell Encapsulation. Human osteoblastlike cells (MG63 cells) and human umbilical cord vein endothelial cells (HUVECs) were maintained in Dulbecco's modified Eagle's medium (Hyclone), supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin. RGD in TEOA buffer was added to the ALG solution at a concentration that consumes 10% acrylate groups on ALG based on the Michael-type addition chemistry and allowed to react for 1 h at 37°C. HUVECs and MG63 cells were mixed in the RGD−ALG1 and RGD−ALG2 precursors at a density of 1 × 10 7 cells/mL, respectively. Then cell-laden, hollow double-layered fibers were fabricated as described above. The fibers were solidified in 100 mM CaCl 2 and further UV-cross-linked at 8 mW cm −2 for 10 s. Good cytocompatibility was expected with such mild exposure conditions. 54, 55 The whole fabrication process was performed under sterile conditions. 4.11. Cell Viability and Morphology. Cell-laden hydrogel fibers were stained with FDA/PI (i.e., live and dead assay) to investigate the proliferation, distribution, and morphology. For actin cytoskeleton staining, the fibers were washed three times in 0.9% NaCl and fixed in a 4% paraformaldehyde solution for 5 min. After rinsing with a 0.9% NaCl solution, 50 mg mL −1 phalloidin was added to stain the actin cytoskeleton, following 45 min of incubation at room temperature. The samples were then rinsed and incubated in a 0.1% (v/v) DAPI solution for 1 min to stain the nuclei for confocal imaging.
MTT assay was used to investigate the cell viability, while MG63 cells were encapsulated in bulk ALG and RGD−ALG hydrogels. Cells encapsulated in samples gelled using 50 μL prepolymer solutions were incubated with 0.5 mg mL −1 MTT for 4 h at 37°C in the dark. Then the MTT solution was removed, and purple formazan salts dissolved with dimethyl sulfoxide. Finally, the absorbance of the resulting solution was measured at 490 nm using a multidetection microplate reader (Bio-Rad 550). Five parallel hydrogel samples per group were tested, and all of the data were averaged.
4.12. Gene Expression. Gene expression associated with osteogenesis and vasculogenesis included osteocalcin (OCN), platelet endothelial cell adhesion molecule-31 (CD31), hematopoietic progenitor cell antigen (CD34), tyrosine kinase with immunoglobulin-like and EGF-like domains 2 (TIE-2), VE-cadherin (VECAD), von Willebrand factor (VWF), alkaline phosphatase (ALP), bone morphogenetic protein-2 (BMP-2), core binding factor a1 (Cbfa1), and collagen type I (COL-1). All gene expressions were assessed by RT-PCR. After culture for 7, 14, and 21 days, total RNA was isolated from cells using a Trizol reagent (Invitrogen). RNA extracted from differentiated cells were converted into complementary DNA (cDNA) using the RT-PCR Kit (Toyobo, Osaka, Japan) according to the manufacturer's instructions. Quantitative real-time RT-PCR was performed by a FTC-2000 RealTime Fluorescence Quantitative Thermocycler (FungLyn Biotech Corp. Ltd., Shanghai, China). Primers used for amplification are listed in Table 3 .
4.13. Immunostaining. Specific protein markers associated with osteogenesis and vasculogenesis, including OCN, COL-1, VWF, and VECAD, were analyzed by immunostaining. The cell-laden hydrogel fibers were washed in a 0.9% NaCl solution and fixed in ice acetone for 15 min. Prior to each step, samples were rinsed three times in a 0.9% NaCl solution unless denoted otherwise. First, Triton X-100 (0.2%, v/ v) was added to the samples for 5 min for cell permeabilization. This was followed by the blocking of nonspecific adsorption using goat serum for 30 min at room temperature, then incubation with the primary antibody solution at 4°C overnight, and incubation with the second antibody solution for 1 h at room temperature in the dark. Finally, the fibers were incubated in a DAPI solution for 5 min to stain the nuclei, after which the fibers were washed for confocal imaging.
4.14. Statistical Analysis. All of the experimental data are presented as mean ± standard deviation. A paired Student's t test was used to test for statistical significance between two types of samples. Significance levels were determined by (*) p < 0.05. Author Contributions ‡
